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An efficient method for gene 
silencing in human primary 
plasmacytoid dendritic cells: 
silencing of the TLR7/IRF-7 
pathway as a proof of concept
Nikaïa Smith1,2, Pierre-Olivier Vidalain1,2, Sébastien Nisole2,3 & Jean-Philippe Herbeuval1,2

Plasmacytoid dendritic cells (pDC) are specialized immune cells that produce massive levels of type I 
interferon in response to pathogens. Unfortunately, pDC are fragile and extremely rare, rendering their 
functional study a tough challenge. However, because of their central role in numerous pathologies, 
there is a considerable need for an efficient and reproducible protocol for gene silencing in these cells. 
In this report, we tested six different methods for siRNA delivery into primary human pDC including 
viral-based, lipid-based, electroporation, and poly-ethylenimine (PEI) technologies. We show that lipid-
based reagent DOTAP was extremely efficient for siRNA delivery into pDC, and did not induce cell death 
or pDC activation. We successfully silenced Toll-Like Receptor 7 (TLR7), CXCR4 and IFN regulatory factor 
7 (IRF-7) gene expression in pDC as assessed by RT-qPCR or cytometry. Finally, we showed that TLR7 or 
IRF-7 silencing in pDC specifically suppressed IFN-α production upon stimulation, providing a functional 
validation of our transfection protocol.

The discovery in the late 90’s of plasmacytoid dendritic cells (pDC) (also called Interferon-Producing Cells, IPC) 
profoundly increased our understanding of innate immune response1,2. At steady state, pDC are found at a low 
frequency in the thymus, peripheral lymphoid tissues and blood where they represent less than 1% of all periph-
eral blood mononuclear cells (PBMC)3. Nevertheless, they play a key role in the immune response to pathogens, 
and in particular to viruses, by producing very rapidly massive amounts of type I interferons (IFN), including all 
IFN-α  isoforms and IFN-β 1,4. Type I IFN secretion by pDC has an essential antiviral activity and major adjuvant 
functions on other immune cell-types3,5. To achieve pathogen sensing, pDC express the Toll-Like receptor TLR7 
and TLR96,7, which bind respectively single-stranded RNA8–10 and CpG-containing DNA11 molecules. Activation 
of pDC through TLR7 or TLR9 can trigger several types of response, but this essentially results in type I IFN pro-
duction and/or differentiation into antigen-presenting cells. Two factors seem to be key for the induction of large 
quantities of type I IFN in pDC: 1) the ability of TLR ligands to bind their receptor in the early endosomal com-
partments12,13; 2) the phosphorylation and nuclear translocation of the transcription factor, the IFN regulatory 
factor 7 (IRF-7)14,15. However, molecular pathways leading to pDC activation are not fully understood as pDC are 
very rare, non-proliferating, fragile cells, which make functional studies a tough challenge1,2.

Since the discovery of RNA interference (RNAi), gene silencing using small interfering RNA (siRNA) has 
become a powerful functional genomics tool for studying gene function16,17. siRNA are double-stranded RNA 
molecules ranging from 19 to 25 nucleotides in length triggering sequence-specific mRNA degradation via a 
catalytic mechanism18. The high efficiency of RNAi methods to suppress the expression of specific genes in both 
cell lines and primary cells has revolutionized cell biology.
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Moreover, major advances in siRNA modifications and delivery reagents have overcome initial problems of 
stability and cellular uptake in most cases. However, active cellular nucleases, specific membrane properties and 
other yet unidentified factors often make siRNA-mediated gene inactivation in human primary cells difficult19. 
Furthermore, some siRNA, also called immunostimulatory siRNA, can be endocytosed and thus trigger TLR7 
pathway, leading to nonspecific pDC activation20,21. This phenomenon can be reduced by the incorporation of 
2′ -O-methyl modifications into the sugar structure of selected nucleotides within both the sense and antisense 
strands21,22. Such 2′ -O-methyl modifications have also been shown to confer resistance to endonuclease activity23 
and to abrogate off-target effects24. However, the transfection of siRNA in human primary pDC, in itself, remains 
a major challenge.

This latter issue was addressed in this report, as the transfection method seems to be decisive for a successful 
gene silencing. Among the various methods to deliver siRNA into cells, liposome-based systems are widespread 
due to their practical mode of use in most cell types. This method is based on siRNA packaging by cationic 
lipids into liposomal particles that facilitate the cellular uptake through plasma membrane and siRNA protection 
from enzymatic degradation during cellular endocytosis. Recently, liposome-based transfection has been shown 
particularly efficient for gene silencing in monocytes and myeloid dendritic cells25. Besides liposome-based 
technology, poly-ethylenimine (PEI) was one of the first transfection agent discovered26, after poly-L-lysine. 
PEI condenses nucleic acids into positively charged particles, which bind to anionic cell surface residues. Such 
polymer-oligonucleotide complexes (polyplex) are brought into the cell via endocytosis. Once inside the endo-
somes, protonation of the amines results in an influx of counter-ions and a lowering of the osmotic potential. 
Osmotic swelling bursts the endosomal vesicle, thus releasing the polyplex into the cytoplasm. If the polyplex 
unpacks, then the nucleic acids are free to diffuse to their targeted compartment27,28. However, PEI can be 
extremely cytotoxic29,30, due to the disruption of endosomal membranes leading to cellular stress and cell death. 
As an alternative to chemical agents, electroporation methods were also shown to have high transfection effi-
ciencies in many cell lines. This method physically translocates siRNA into cells by a brief electric pulse, which 
induces a membrane perturbation allowing entry of nucleic acids. However, even if this technic is often used in 
primary human T cells, cells tend to exhibit higher levels of cell death after electroporation. Finally, gene silencing 
in hard-to-transfect cells can be achieved with virus-based vectors, and in particular lentiviruses, that encode 
short-hairpin RNA (shRNA) to induce specific mRNA degradation. However, pDC are known to be hardly 
infectable by Human Immunodeficiency Virus (HIV-1)31 and transduction with HIV-derived vectors might be 
inefficient. Furthermore, it is likely that RNA encapsidated within viral particles will engage TLR, triggering cel-
lular activation and induce type I IFN production.

To our knowledge, there is no precise and efficient protocol dedicated to transfection and gene inactivation 
in primary human pDC by siRNA. In this report, we have evaluated a panel of six different methods to achieve 
gene silencing in pDC. Three different liposome-based reagents, including DOTAP, HiPerFect and the new gen-
eration of Lipofectamine RNAiMAX, an optimized PEI reagent (JetPRIME) and electroporation using the Amaxa 
Nucleofector technology were tested. Viral-based transduction using lentiviral vectors was also tested. We show 
that liposome-based method using DOTAP is the only efficient method for siRNA delivery into pDC, providing a 
technological solution for gene silencing and functional studies in this essential cellular population.

Results
Transfection and silencing efficiency in human primary pDC. Human primary pDC were purified 
from peripheral blood of healthy donors by centrifugation on a density gradient and negative selection using anti-
body-coupled magnetic beads (Fig. 1a)32. Purity was assessed by flow cytometry analysis and was found superior 
to 90% (Fig. 1b). Cells were seeded at 105 cells/mL in 96-well plates and treated with the different transfection 
methods as explained in Methods. First, we investigated whether a HIV-derived vector would be an appropriate 
tool to deliver a shRNA into pDC. In order to evaluate the transduction efficiency, we transduced pDC with a 
VSV-G-pseudotyped GFP-encoding HIV-derived vector at high MOI (200 ng/mL) and transduction efficiency 
was evaluated by FACS analysis. Only 17.9% of pDC expressed GFP, thus confirming that pDC are poorly trans-
ducible with HIV-derived vectors (Fig. 1c). Furthermore, we observed by confocal microscopy that pDC formed 
numerous giant mononuclear cells (GMC) (data not shown) at a 5–10 times higher frequency than previously 
described in HIV-treated pDC cultures33. Nevertheless, we tried to transduce pDC at a higher multiplicity of 
infection (MOI) in an attempt to increase the transduction efficiency. The activated pDC was defined as IKpDC, 
expressing TRAIL at its surface, as previously characterized34 (Supp. Fig. 1). pDC tend to change phenotype dur-
ing the different stages of activation. The activating cells are bigger. The phenotype of the resting cells character-
ized the cells prior to their activation or prior to their death. However, when pDC were transduced at 2000 ng/mL, 
cell mortality reached 30% and the percentage of GFP-positive live cells was limited to 25% (Fig. 1c,d), even if a 
very small portion of cells (2.4%) were efficiently transduced. Altogether, these results disqualify this virus-based 
method to achieve gene silencing in pDC.

Then, we evaluated different chemical transfection reagents and electroporation to achieve pDC transfection 
with siRNA. As control for transfection, we used a siRNA targeting cyclophilin B that is labeled with the fluores-
cent dye DY-547 (siGLO-DY-547). The percentage of transfected pDC was determined by FACS analysis using 
fluorescence as readout (Fig. 2a,b). The siGLO was mixed with transfection agent DOTAP, HiPerFect, RNAiMAx 
or JetPRIME, and added to cell cultures following manufacturer’s instructions. For the Amaxa method, pDC 
were electro-stimulated following instructions adapted to primary DC cells. At 4 h post-transfection, a very high 
percentage of siGLO-DY-547 positive pDC was observed with DOTAP (96%), HiPerFect (98%) and JetPRIME 
(91%), suggesting some high transfection efficiency. In contrast, pDC transfected with Lipofectamine RNAiMAX 
or Amaxa showed lower percentages of transfection (35% and 30% of positive cells, respectively). We next tested 
the efficiency of gene silencing of the cyclophilin B gene in pDC using quantitative RT-PCR. As shown in Fig. 2c, 
mRNA levels of cyclophilin B where only reduced when pDC were transfected with DOTAP (more than 70%). 
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In contrast, none of the other methods led to an efficient inhibition of cyclophilin B mRNA levels suggesting 
that DOTAP was the only efficient system to transfect pDC and achieve gene silencing. As the major issue 
with pDC transfection is cellular activation, this parameter was determined by quantification of TNF-related 
Apoptosis-Inducing Ligand (TRAIL) mRNA expression levels in pDC as previously described35,36. The siGLO 
complexed with either liposome-based transfection methods or JetPRIME did not induce any increase in TRAIL 
mRNA expression levels (Fig. 2d). In contrast, the Amaxa method induced 6-fold increase in TRAIL mRNA 
expression levels, thus supporting pDC activation by this transfection method.

Viability and activation of pDC. In parallel to transfection efficiency, we determined the impact of the 
different protocols on pDC viability. Cells were subjected to the different methods of transfection in the absence 
or presence of control siRNA. Dead cells were stained specifically using the live-dead technology, and their 
percentage determined by flow cytometry analysis at 24 h post-treatment. As shown in Fig. 3b (upper panels), 
the percentage of living cells was similar in non-transfected and DOTAP-treated cells (around 85% of living 
cells). In contrast, the percentage of dead pDC massively increased when cultured in presence of HiPerFect or 
Lipofectamine RNAiMAX. Amaxa technology induced around 50% of cell death. However, the number of cells 
in the well was drastically reduced after the electroporation (loss of 70% of the cells) (Supp Fig. 1). Cell cultures 
treated with JetPRIME showed an intermediate percentage of dead cells, with approximately a two-fold increase 
compared to control. As shown in Fig. 3b (upper panels), similar results were obtained when treating cells with 
transfection methods in the presence of control siRNA (Fig. 3b – lower panels – and C).

Figure 1. pDC transduction with a lentiviral vector is inefficient. (a) Illustration of pDC purification: PBMC 
are isolated from whole blood by Ficoll. Unwanted cells are targeted for removal with an antibody cocktail 
recognizing non-pDC (negative purification) and dextran-coated magnetic particles. The labeled cells are 
separated using the magnet. Desired cells are poured off into a new tube. Cells are cultured with the siRNA 
preparation the wanted time and stimulated or not overnight with various viruses. RNA, protein or supernatant 
are then analyzed. (b) Dot plot from cytometry represents whole PBMC then pDC after negative magnetic 
purification. (c) Purified pDC are put in culture with different concentrations of a VSV-G-pseudotyped GFP-
encoding HIV-derived vector and transduction efficiency is evaluated by FACS 48 h post-infection.  
(d) Percentage of GFP positive purified pDC.
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We also evaluated whether transfection induced pDC activation, which was determined by quantification of 
TRAIL mRNA expression levels. Liposome-based transfection methods or JetPRIME did not induce any increase 
in TRAIL mRNA expression levels, whether control siRNA was present or not (Fig. 3d). In contrast, the Amaxa 
method induced 6-fold increase in TRAIL mRNA expression levels, as observed previously.

Study of Transfection efficiency of labeled siRNA by microscopy. In order to better understand our 
observations, especially the high percentage of siGLO-DY-547 positive cells when transfected with JetPRIME 
contrasting with the very low level of gene silencing, we performed a microscopic study of pDC transfected with 
the various transfection reagents and especially, DOTAP and JetPRIME. Cells transfected with the siGLO-DY-547 
were cultured for 4 h at 37 °C, then stained with both DAPI for nucleus labeling and the lysosomal-associated 
membrane protein 1, LAMP-1. In order to be efficient, siRNA should be localized in the cytoplasm but not 
into lysosomal compartments. As previously shown, pDC harbored a very large nucleus and a small cytoplasm 

Figure 2. Comparison of the transfection efficiency of a fluorescent siRNA targeting cyclophilin B using 
the different transfection protocols. (a) Purified pDC were cultured for 4 hours with the different reagents 
complexed with the siRNA cyclophilin B coupled with siGLO-DY-547 so that the fluorescence of the siRNA 
could be measured by FACS (bottom panels) after evaluating the FSC/SSC (top panels). (b) The histograms 
represent the percentage of positive fluorescent cells, obtained as previously described in (a). (c) mRNA levels 
of cyclophilin B from purified pDC cultured for 24 hours with the different reagents alone, complexed with the 
siRNA Control or with the siRNA cyclophilin B were measured by RT-qPCR and normalized to RPL13A.  
(d) mRNA levels of TRAIL from purified pDC cultured for 24 hours with the different reagents complexed with 
the siRNA cyclophilin B were measured by RT-qPCR and normalized to RPL13A. * * * P <  0.001, as calculated by 
one-way ANOVA with Tukey’s post hoc test. NS, not significant.
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Figure 3. Comparison of the different transfection protocols (DOTAP, Hiperfect, LipoRNAiMax, JetPrime 
and Nucleofactor Amaxa) on pDC’s viability and activation. Purified pDC were cultured for 24 hours with the 
different reagents alone or complexed with the non-targeting siRNA Control. (a) The size (FSC) and granularity 
(SSC) of the cells were evaluated by FACS. (b) Purified pDC were stained with the LIVE/DEAD Green Dead 
Cell Stain Kit for 30min in order to evaluate the viability of the cells in presence of the reagents alone (top 
panels) or with the reagents complexed with the siRNA Control (lower panels). (c) The histograms represent 
the average of the percentage of live cells of 3 independent experiments. (d) mRNA levels of TRAIL from 
purified pDC cultured for 24 hours with the different reagents alone or complexed with the siRNA Control were 
measured by quantitative RT-PCR and normalized to RPL13A mRNA expression. * P <  0.05 and * * * P <  0.001, 
as calculated by one-way ANOVA with Tukey’s post hoc test. NS, not significant.
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characteristic of this cell subtype (Fig. 4a). When human pDC were incubated with the siGLO-DY-547 in the 
absence of any transfection reagent, we did not observe any siRNA associated to the cells, confirming that siRNA 
must be actively transfected to reach the intracellular compartment. In contrast, we found high levels of siRNA 
within pDC transfected with DOTAP (Fig. 4a,b). Furthermore, we showed that the labeled siRNA was not local-
ized in lysosome, as we did not find any colocalization with the LAMP-1 marker. In fact, the vast majority of the 
siRNA was close to the nucleus. In contrast to results obtained with DOTAP, the vast majority of labeled siRNA 
transfected with JetPRIME was localized outside the cells (defined by localized in the medium or bound to the cell 
surface). We observed large aggregates of siRNA, forming large clusters of 0.5 to 2 μ m diameter at the periphery of 
the cells. We thus quantified the “outside” siRNA versus the intracellular siRNA in cells transfected by DOTAP or 
JetPRIME. As shown in Fig. 4c, the vast majority of labeled siRNA was localized intracellularly when DOTAP was 
used, in contrast to JetPRIME transfected cells in which the siRNA was found outside the cells as large aggregates, 
either bound or not to cellular surface. This latest result may provide explanation for our previous flow cytometry 
and gene silencing efficiency data.

Functional validation of gene silencing into human primary pDC. As key effector cells of the innate 
immune response, pDC express TRAIL and produce massive amounts of type I IFN after recognition by TLR7 
of single-stranded RNA from pathogens such as HIV or Influenza A. This TLR7 activation induces the phospho-
rylation and nuclear translocation of IRF-7, which is the main transcription factor regulating type I IFN produc-
tion in pDC14,37. We thus attempted to silence TLR7 and IRF-7 in human primary pDC by siRNA transfection 
with DOTAP. As a negative control, we decided to silence the C-X-C chemokine receptor type 4 (CXCR4), a 
highly expressed chemokine receptor that is not implicated in TRAIL or type I IFN production in HIV-stimulated 
pDC36,38. We first tested several concentrations of TLR7, IRF-7, or CXCR4 siRNA, and showed that 160 nM was 
the optimal concentration for an efficient silencing of targeted mRNA (Fig. 5a). This was confirmed at protein lev-
els, as assessed by IRF-7 or CXCR4 immunostaining and FACS analysis (TLR7 protein could not be determined 

Figure 4. Subcellular localization of fluorescent siRNA targeting cyclophilin B using the different 
transfection protocols. (a) Purified pDC were cultured for 4 hours with the different reagents complexed with 
the siRNA cyclophilin B coupled with a GLO-DYE-547. Cells were harvested and coated on collagen slides, then 
fixed and permeabilized with saponin before being stained with LAMP1 (a late endosome marker). Cells were 
then mounted with Fluoromount G with DAPI. Scale bar, 20 μ m or zoom at 5 μ m. (b) The histograms represent 
the fold increase of the raw intensity density of the siRNA GLO measured with the JaCoP plugin in ImageJ, 
normalized to cells alone. (c) Intensity density of the fluorenscence of the siRNA GLO inside or outside the cells 
analyzed using the ImageJ software. * P <  0.05, * * P <  0.01, and * * * P <  0.001 as calculated by Student’s t test.
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as we are missing a specific antibody) (Fig. 5b–e). We then verified that at this concentration, TLR7, IRF-7 and 
CXCR4 siRNAs were not inducing pDC activation. For this, we cultured pDC for 24 h with one of the four 
siRNA (CTL, TLR7, IRF-7 or CXCR4) or with a synthetic non-modified viral RNA (35 nucleotides long), all 
complexed with DOTAP at the concentration 160 nM and we measured TRAIL mRNA production by quantita-
tive RT-PCR. As shown in Fig. 5f, none of the siRNA induced pDC activation at 160 nM unlike the control RNA, 
which induced a dramatic increase in TRAIL mRNA expression. Finally, we showed that TLR7 or IRF-7 siRNA 
drastically reduced IFN-α  induction in pDC stimulated with TLR7 activators, including HIV-1, influenza virus 
and Gardiquimod (Fig. 6a,b). In contrast and as expected, IRF7, but not TLR7 silencing inhibited IFN-α  when 
pDC were activated with the TLR9 ligand CpGA (Fig. 6a,b). We also showed by using a functional cellular assay 
that type I IFN secretion was strongly inhibited in pDC treated with TLR7 or IRF-7 siRNA (Fig. 6c). In contrast, 
CXCR4 silencing had not effect on IFN-α  transcription, thus demonstrating that DOTAP transfected pDC were 
perfectly functional and produced similar levels of cytokine compared to untransfected cells (Fig. 6d). Altogether, 
these results demonstrate that gene silencing can be achieved in pDC by siRNA transfection with DOTAP, while 
preserving cellular viability and functional properties (Table 1).

Discussion
In this report, we have established a protocol for gene silencing in human primary pDC, a key effector cell type 
involved in immune response to pathogens and autoimmunity34,39–41. The method described herein opens new 
perspectives for the functional study of these cells. Primary pDC are extremely rare and fragile cells that only 

Figure 5. siRNA targeting TLR7, IRF7 and CXCR4 complexed with DOTAP inhibit the expression of the 
targeted mRNA and protein in human primary pDC. (a) mRNA levels of TLR7, IRF7 and CXCR4 (TARGET 
mRNA) from purified pDC cultured for 24 hours with different concentrations of siRNA Control (siCTL) 
or targeting (siTARGET) TLR7, IRF7 or CXCR4 complexed with DOTAP were measured by quantitative 
RT-PCR and normalized to RPL13A mRNA expression * * * P <  0.0001, as calculated by two-way ANOVA. 
Concentration range was statistically different whereas the different siRNA treatments were not. (b,d) Protein 
level of IRF7 (b) or CXCR4 (d) from purified pDC cultured for 24 hours with siCTL or siIRF7 was evaluated by 
FACS. (c) Percentage of IRF7 positive cells treated with siCTL or siIRF7 stimulated or not with HIV overnight 
* * * P <  0.001, as calculated Student’s t test. (e) Percentage of CXCR4 positive cells treated with siCTL or 
siCXCR4. * P <  0.05 as determined by standard Student’s t test (f) mRNA levels of TRAIL from untransfected 
purified pDC (NS) or transfected using DOTAP with the different siRNA (CTL, TLR7, IRF7 and CXCR4) at 
160 nM or with a non-modified HIV-derived RNA were measured by quantitative RT-PCR and normalized to 
RPL13A mRNA expression. * * * P <  0.001, as calculated by one-way ANOVA with Tukey’s post hoc test. NS, not 
significant.
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Figure 6. TLR7 or IRF7 silencing efficiently inhibits pDC activation. (a,b) mRNA levels of IFN-α  from 
purified pDC cultured for 24 hours with DOTAP complexed with siRNA Control (siCTL), siTLR7 (a) or siIRF7 
(b) and stimulated overnight with HIV (AT-2) X4, Influenza A virus, a TLR7 agonist Gardiquimod (Gardi) or 
the TLR9 ligand CpGA were measured by quantitative RT-PCR and normalized to RPL13A mRNA expression. 
(c) Levels of IFN were measured in supernatants of purified pDC cultured for 4 hours with DOTAP complexed 
with siCTL or siIRF7 and stimulated overnight with HIV (AT-2) X4 or with Flu, using the STING-37 reporter 
cell line. Graphic is representative of three independent experiments. (d) mRNA levels of IFN-α  from purified 
pDC cultured for 24 hours with DOTAP complexed with siRNA Control (siCTL) or siCXCR4 and stimulated 
overnight with HIV (AT-2) X4, HIV (AT-2) R5 or Influenza A virus were measured by quantitative RT-PCR and 
normalized to RPL13A. * P <  0.05, and * * P <  0.01 as determined by standard Student’s t test. NS, not significant.
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survive a few days in cell culture and do not proliferate, making their transfection with siRNA a real challenge. 
Some reports have previously described gene silencing in bone marrow-derived mouse pDC or pDC-related 
cells. The GeneSilencer siRNA Transfection Reagent (a cationic liposome reagent) or the Amaxa technology 
were previously used to achieve gene silencing in murine pDC derived in vitro from proliferating bone marrow 
precursors23. It was also shown that a lentiviral vector coding for a specific shRNA could silence TLR7 expression 
in Gen2.2 cells, a human cell line that is often used as a surrogate of human pDC. As a result, IFN response to 
HIV, foamy viruses or influenza A virus was impaired42,43. Zhang & al. developed siRNA linked to CpG oligonu-
cleotides to target TLR9 and facilitate siRNA internalization. Such siRNA-CpG conjugates were successfully used 
to silence STAT3 in monocyte-derived CD303 +  (BDCA-2) cells that exhibit phenotypic similarities with pDC44. 
However, and to our knowledge, our report is the first to achieve gene silencing in primary human pDC.

We established that most transfection methods tested, including virus-like particles, HiPerFect, Lipofectamine 
RNAiMAX and Amaxa, induced massive cell death of primary pDC. JetPRIME was not highly cytotoxic, but 
formed large aggregates that remained in the extracellular compartment and failed to deliver siRNA into the 
cells. Only DOTAP was found efficient to deliver siRNA in the cytoplasm where gene silencing is achieved. 
Reasons why DOTAP was efficient and not cytotoxic, compared to other liposome-based reagents like HiPerFect 
or RNAiMAX, remain elusive. We can only assume that compared to HiPerFect or Lipofectamine RNAiMAX, 
DOTAP transfection reagent, which is based on 1,2-dioleoyl-3-trimethylammonium-propane monocationic 
lipid, is the best compromise in terms of positive charges and diameter of liposome particles to transfect pDC. We 
also showed that none of the siRNA tested induced pDC activation by TLR7 and this probably relates to siRNA 
modifications. In this report we used the ON-TARGETplus siRNA reagents from Dharmacon, which uses the 
SMARTpool technology and 3 of 4 individual siRNA to target the mRNA. Furthermore, these siRNA have been 2′ 
-O-methyl modified, which was previously reported to decrease off-target activity and cell activation24,45. Finally, 
we determined that the best siRNA concentration for gene silencing in pDC (160 nM) is very close to the one 
successfully used in primary human monocytes and conventional dendritic cells (200 nM)25.

This transfection protocol allowed cyclophilin B, CXCR4, IRF-7 and TLR7 efficient silencing in primary pDC. 
Cyclophilin B or CXCR4 silencing had no impact on the cellular response to TLR7 ligands, thus demonstrating 
that siRNA transfection with DOTAP did not alter IFN-mediated pDC production. In contrast, TLR7 or IRF-7 
silencing impaired pDC response to TLR7 ligands, whereas only IRF-7 silencing also inhibited pDC activation 
by a TLR9 ligand. It was previously shown in TLR7 knock-out mice8, that pDC response to single-stranded RNA 
depends on TLR7. Here, we provide some direct demonstration that TLR7 is required for the sensing of HIV or 
influenza virus particles by primary human pDC. We also confirmed that IRF-7 is needed, something previously 
established in primary human pDC from patients with mutated forms of this transcription factor37. Altogether, 
this provides a robust validation of our transfection protocol at the mRNA and protein levels that should greatly 
facilitate functional studies of this unique cell type.

Methods
Blood samples, isolation and culture of blood leukocytes. Blood from healthy HIV-1-seronegative 
blood bank donors was obtained from “Etablissement Français du Sang” (convention # 07/CABANEL/106), Paris, 
France. A written informed consent was obtained from all subjects involved. Experimental procedures with 
human blood have been approved by Necker Hospital Ethical Committees for human research and were done 
according to the European Union guidelines and the Declaration of Helsinki. In vitro experiments were performed 
using human peripheral blood mononuclear cells (PBMC) isolated by density centrifugation with Lymphoprep 
medium (StemCell Technologies). pDC were purified by negative selection with the Human plasmacytoid DC 
enrichment kit (StemCell Technologies). Cells were cultured in RPMI 1640 (Invitrogen, Gaithersburg, MD)  
containing 10% fetal bovine serum (Hyclone, Logan, UT). After purification, we obtained purity higher than 90% 
for pDC.

Viral stimulation and infection. Purified pDC were seeded at 105/100 μ l and then stimulated with the fol-
lowing viruses: inactivated aldrithiol-2 (AT-2) HIV-1MN (CXCR4 co-receptor specific) or AT-2 HIV-1ADA (CCR5 
co-receptor specific) at 60 ng/mL p24CA equivalent (kindly provided by J.D. Lifson: SAIC-NCI, Frederick, MD), 
infectious human Influenza A/PR/8/34 virus (Flu), titer 1:8192 at dilution 1:1000, the TLR7 specific synthetic 
activator Gardiquimod at 10 μ g/mL or the TLR9 specific synthetic activator CpGA at 5 μ M.

+DOTAP +Hiperfect +LipoRNAiMAX +JetPrime +AMAXA

Live cells (Transfection reagent alone) ++ − − − − − − −

Live cells (+ siRNA Control) ++ − − + − − − +

Transfection Efficiency +++ +++ + +++ ++

Targeted mRNA inhibition +++ − − − − − +

Absence of cell activation ++ ++ ++ − − − −

Silencing efficiency score +++ − − − − − − −

Table 1.  Overview of transfection protocol’s features. The table summarizes the effects of each transfection 
protocol complexed or not with siRNA. Legend: “Live cells”: “+ ” represents live cells; “Transfection Efficiency”: 
“+ ” represents a high transfection efficiency; “Targeted mRNA inhibition”: “+ ” represents downregulation of 
the mRNA targeted by the siRNA; “Absence of cell activation”: “+ ” represents no cell activation.



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:29891 | DOI: 10.1038/srep29891

Vesicular stomatitis virus glycoprotein (VSV-G)-pseudotyped HIV-1-derived vectors were generated by 
cotransfecting HEK293T cells with pVSV-G, a HIV-1 Gag-Pol expression plasmid (p8.91) and green fluorescent 
protein (GFP)-expressing lentiviral vector, using the ProFection calcium phosphate kit (Promega). Lentiviral vec-
tors were purified using Lenti-X Concentrator (Takara Clontech) and titrated by p24 ELISA (Lenti-X p24 Rapid 
Titer Kit, Takara Clontech). Purified pDC were cultured for 48 h in presence of lentiviral particles. Supernatants 
were collected for cytokine detection. Microvesicles isolated from uninfected cell cultures matched to the culture 
to produce the virus were used as negative control (Mock).

Small interference RNA experiments. pDCs were seeded at 105 cells/100 μ L in 96-well plates and 
incubated at 37 °C. The ON-TARGETplus SMARTpool siRNA targeting TLR7, IRF-7 or CXCR4 as well as the 
ON-TARGETplus Non-targeting siRNA (siCTL) and the siGLO Cyclophilin B Control siRNA were purchased 
from Thermo Scientific, Dharmacon (Illkirch, France). Upon arrival, siRNAs came in dried pellets and were 
stored as such at − 20 °C. The resuspension of siRNA pellets was done in 1X siRNA Buffer (Thermo Scientific, 
Dharmacon). The working aliquots (20 μ M) were then stored at − 20  °C. In this report, we used a final siRNA 
concentration of 160 nM: 0.88 μ l (= 17.6 pmol or ≈ 0.23 μ g) for the six-well plates from the 20 μ M siRNA working 
stocks. Each transfection agent was used according to manufacturer’s protocol. Briefly:

For DOTAP, the right volume of siRNA for a final concentration of 160 nM was diluted in PBS (1:5) then 
DOTAP (Roche Applied Sciences) was added v/v. The mix was incubated at room temperature during 15 minutes 
and then was added to cells in culture (RPMI-10% FBS).

For Hiperfect, the right volume of siRNA for a final concentration of 160 nM was mix with 6 μ L of Hiperfect 
(Qiagen) and 85μ L of X-vivo 15 media (Lonza) for 5 to 10 minutes at room temperature before the cells were 
added to the mix and put in culture.

For Lipofectamine RNAiMAX, the right volume of siRNA for a final concentration of 160 nM was diluted in 
50 μ L of X-vivo 15 media. The Lipofectamine RNAiMAX reagent (1 μ L) (Thermo Fisher Scientific) was diluted in 
50 μ L of X-vivo 15 medium for 5 minutes at room temperature. The two solutions were mixed and incubated for 
20 minutes at room temperature before the cells were added to the mix and put in culture.

For JetPrime, the right volume of siRNA for a final concentration of 160 nM was diluted in 12,5 μ L of JetPrime 
Buffer and 2 μ L of JetPrime (Polyplus) were added. The mix was incubated at room temperature during 10 min-
utes and then was added to cells in culture (RPMI-10% FBS).

For Amaxa, we used the Amaxa Human Dendritic Cell Nucleofector Kit and Amaxa II Nucleofactor (Lonza). 
The supplement was added to the nucleofector solution. The cell’s pellet was resuspend in 100 μ L of mix and the 
right volume of siRNA for a final concentration of 160 nM was added. We used the Nucleofector® Program U-002 
program. Once the electroporation over, the cells were centrifuged to get rid of all supernatant and resuspend in 
100 μ L of media (RPMI-10% FBS).

A synthetic non-modified viral RNA (35 nucleotides long) was used as a control RNA and complexed with 
DOTAP with the same method describe previously.

Finally, cells were incubated at 37 °C for 24 hours before adding the different virus overnight.

Flow Cytometry. Cultured cells were incubated for 20 min at 4 °C with appropriate antibodies APC-conjugated 
anti-BDCA-4, FITC-anti-CD123 (Miltenyi, Bergisch Gladbach, Germany), PE.cy7-anti-CXCR4 clone 12G5 
(Biolegend, San Diego, CA), Live/Dead Green Kit (ThermoFisher Scientific) or with appropriate isotype-matched 
control antibodies (5μ g/mL each) in PBS containing 2% mouse serum (Sigma, Saint Louis, MO) and FC-receptor 
blockers (BD Biosciences, San Jose, CA). For IRF-7 intracellular staining, cells were fixed with 2% PFA then perme-
abilized with 0.5% saponin before being stained for 30 minutes at 4 °C with anti-IRF-7 antibody (BD Biosciences). 
Flow cytometry analysis was performed on a flow cytometry Canto II flow cytometer using flow cytometry Diva 
software (BD Biosciences, San Jose, CA). FlowJo software (Treestar, Ashland, OR) was used to analyze data.

Three dimensional microscopy. Purified pDC cells cultured 4 h in presence of siRNA GLO-DY-547 
complexed with the different transfection reagents. pDC cells were plated on collagen (ThermoFisher 
Scientific)-coated slides and then fixed in 4% paraformaldehyde, quenched with 0.1 M glycine. Cells were incu-
bated in permeabilizing buffer containing 0.5% saponin with monoclonal antiboby anti-LAMP-1 (Cell Signaling). 
LAMP-1 was revealed by a Goat anti-rat-Alexa Fluor 594 (LifeTechnologies). Slides were mounted with DAPI 
Fluoromount-G (SouthernBiotech). Slides were scanned with a Confocal Microscope Zeiss LSM 710 (Carl Zeiss 
Microscopy) using a 63x Plan-Apochromat objective and images were acquired with the Zen software. Images of 
purified pDC were analyzed using the ImageJ software (NIH, Bethesda, MD, USA).

Type I IFN detection. To quantify the secretion of functional IFN-alpha in pDC cultures, we used a bio-
logical assay based on a stable cell line where luciferase reporter gene is controlled by five Interferon-Stimulated 
Response Elements (STING37 cell line46). First, pDC supernatants were harvested after 24 h of stimulation and 
frozen at − 20 °C for storage. Then, serial dilutions of pDC supernatants were dispensed in culture wells of a 
96-well plate containing 35.103 STING37 cells per well. After 24 h of culture, luciferase activity was determined 
by adding 50 μ L of Bright-Glo reagents (Promega) to culture wells and measuring bioluminescence with a lumi-
nometer. Presented data correspond to the dilution point where virtually IFN-alpha activity was detected in 
supernatants of unstimated pDC.

RT-qPCR analyses. Total RNA was extracted using RNeasy Mini kit and was submitted to DNase treatment 
(Qiagen), following manufacturer’s instructions. RNA samples were converted to cDNA with RevertAid H Minus 
First Strand cDNA Synthesis Kit (Thermo Scientific). Real-time PCR reactions were performed in duplicates 
using Takyon ROX SYBR MasterMix blue dTTP (Eurogentec) on a 7900HT Fast Real-Time PCR System (Applied 
Biosystems). Transcripts were quantified using the following program: 3 min at 95 °C followed by 35 cycles of 15 s 
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at 95 °C, 25 s at 60 °C and 25 s at 72 °C. Values for each transcript were normalized to expression levels of RPL13A 
(60S ribosomal protein L13a) using the 2-Δ Δ Ct method. Primers used for quantification of transcripts by real 
time quantitative PCR are indicated below in Table 2:

Statistical analysis. P values (P) were determined using Student’s t test, one-way ANOVA or two-way 
ANOVA and stated in each figure legend. P <  0.05 was considered statistically significant. *P <  0.05;  
* *P <  0.01 and * * *P <  0.001. Univariate distributions of flow cytometry data were performed by probability 
binning, in 300 bins using FlowJo software.
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